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BALANCE OF ENERGY AND STRUCTURE OF THE CHROMOSPHERE
E. Ye. Dabov 2 d1Y]

Developed in the following is the concept of heating of the chromosphere
by compression waves originating in the regions of turbulence related to the
convective zone of the sun, It is shown that within the chromosphere a balance
can be reached between the energy resulting from the dissipation of shock waves
and the energy carried off by radiation, Shock waves cause the appearance in
the chromosphere of regions having differing temperatures (a two-temperature
chromosphere).

It is shown that the dissipation of magnetohydrodynamic waves cannot pro-
vide a sufficient quantity of energy because of losses: due to friction,

An explanation is provided for the lowering of the chromosphere above spots.
The value of the density gradient in the chromosphere is discussed, An attempt
is made to formulate a general idea about the chromosphere and the cause for its
formation.

The entire structure of the chromosphere is determined mainly by the value

of the energy flux in acoustic noises generated by the turbulence produced in

the convective zone of the sun, G At

In recent years many studies have been conducted on the structure of the
chromo sphere and the possible causes for its heating, Many of these supplement
and develop one another to a certain measure, On the basis of all these studies
we can, today, attempt to formulate a rather general conception about the chromo-
sphere, In this study an attempt is made to develop such an idea on the basis
of differing concepticns ccncerning the energy balance in the chromosphere, In
1948, Bierman [17] and Schwarzschild [2] put forth the proposal that the kinetic

energy of gramulation penetrates by some method (let us say in the form of sound




waves) to the corona and heats the latter to a high degree, It appears that a
tremendous amount of energy is related to grammlation, and even a small portion
of it is capable of causing radiation losses of the chromosphere and the corona,
Schatzman [3] pointed out that when the gramules rise there should be a corres-
ponding turbulence which, in turn, causes compression waves that rapidly are
converted into shock waves as they are propagated upward, On the basis of the
theory of dissipation of shock waves developed by Brinkley and Kirkwood [4],
they made some computations on the dissipation of shock waves, and it was shown,
in particular, that in the lower corona the shock waves should be completely
dissipated since the length of the free path is comparable there with the length
of the wave (distance between fronts). On the other hand, the thermal conduc-
tivity of the corona is so great that the stationary condition is established
at a very low temperature gradient above this layer where the liberation of
energy is greatest, In 1955 Unno and Kawabata [5] made a detailed study of the
process of the formation of compression waves -- acoustic noises capable of
heating the chromosphere and corona, They used the theory of aerodynamic genera-
tion of sound waves (noises) developed by Proudman [6] and Lighthill [7], and
of a model of the convective zone proposed by Vitense [8]. They concluded that
the flow of energy upward amounts to approximately 10% - 107 erg/cm? + sec., and
that this flux was proportional to the 8th order of the accepted value of turbu-
lence velocity so that when the latter is increased by 1.5 it will increase the
value of flux by a factor of 25, The turbulent velocity is accepted in [5] as
equal to 8% of the convection velocity which, possibly, is underestimated by a
few percentile points (ef [9]), and a value 11% of the velocity of convection
will give a flux that is 10-15 times greater,

In 1956 Piddington [10 | noted that the passage of sound waves in a highly
conductive medium in the presence of a magnetic field should propagate magneto-

hydrodynamic waves whose dissipation may explain the heating of the chromosphere,



Piddington gave a formula for determining the dissipation of magnetohydrodynamic
waves due to so-called frictional losses, |

In recent years, the idea has often been expressed that hot and cold regions
[11~1b] should co-exist in the chromosphere. Not too long ago Athay and Menzel
[15] constructed a model of such a dual temperature chromosphere on the basis
of materials obtained in observations during the 1952 eclipse. Athay and Thomas
[16] theoretically demonstrated the necessity for the existence of regions with
different temperatures, and that up to a certain height regions with a low tem-
perature (6,300°) predominated, while regions with a high temperature (19,000°)
prevailed at the higher altitude,

Inside each region the temperature changes little with altitude, The estab-
lishment of one temperature or another is determined by the balance between the
energy given off and the cooling mechanisms; the temperature jump is associated
with the transition from cooling due to the radiation of hydrogen to cooling by
the luminescence of helium, which is effective only at another temperature.

Shklovskiy and Kononovich [17 ], in trying to tie-in the data obtained from
optical observations with observations in radioc bands given in [18], demonstrated
that the values for the temperature should be decreased to 6,000° and 12,000°
respectively, We considered the possibility of the formation of regions with
varying temperatures due to acoustic waves for a purely hydrogen atmosphere,

The study is based on the following considerations., In the convective zone
of the san under the photosphere a portion of the energy of the directed move-
ment of convective elements is converted into the energy of non directional
turbulent movement, In the turbulently moving medium chaotically scattered con-
densations and rarefactions appear continuously. The appearance of the latter
is accompanied by the formation of condensailon wavss which, hacause of the
chaotic nature of the turbulent movements themselves, are of a disorderly

character, forming acoustic noise. These waves pass through the photosphere and




are virtually not absorbed within it, The speed of magnetohydrodynamic waves

in the regions where compression waves are formed is, apparently, considerably
less than the speed of sound, so that the removal of energy from the zone of
turbulence connected with convection should occur, in the main, because of

sound waves, In measure as they are propagated upward the waves become shock
waves and explosions occur within them [21] The speed of magnetohydrodynamic
waves increases with altitude considerably more rapidly than the velocity of
sound waves, and at a certain height becomes comparable, In the chromosphere
absorption of waves increases, and a portion of the energy flux transferred by
the waves is converted into heat, One of the problems of this study consists

in ascertaining how the greatest amount of heat is given off: in the dissipa-
tion of sound waves due to viscosity and due to the dissipation related to the
non-adiabatic condensation of a gas on the passage of shock waves of low inten-
sity, or in the dissipation of magnetohydrodynamic waves which upon the propa-
gation of compression waves, The liberation of energy due to Joule heat is very
small; we considered the losses of magnetohydrodynamic waves associated with
collisions of ions and neutral atoms, These losses are greatest in those places
where gas lonization is very low,

Chromospheric heating associated with the passage of waves is compared with
its cooling due to radiation, The problem consists in finding out whether there
is given off in the dissipation of waves in the chromosphere such a quantity of
energy which would be sufficient to cover the expenditure of energy for radiation,
It is assumed that the energy flux is uninterrupted in time, and at each moment
of time it is in balance with the radiation, In order to find a reply to this
problem it is essential, first of all, to determine what kind of radiation brings
about a cooling of certain layers of the chromospuers, Basieally. the computa-

tions in this study pertain to the lower chromosphere,



Each sector of the chromosphere is in a field of radiation traveling from
the top downward, In the case of those frequencies whose optical thickness is
very great the amount of energy absorbed in a certain volume should be equal to
the amount of radiated energy. For example, radiation in the lines of the
Lyman series should not extend outside the lower chromosphere because the ab-
sorption cross section for these lines is of the order of 10"15 cmz, and even
at heights where the concentration of non-ionized atoms of hydrogen constitutes
101° em~3 the optical thickness attains unity at a distance of 1 km. The L
radiation flux which emerges from the chromosphere cools the higher layers of
the chromosphere prinecipally, In the lower chromosphere, the cooling agent can
only be the Bal'merovskoye radiation for which, beginning with a certain rather
low altitude, the chromosphere is virtually transparent, We will show, for
example, that the chromosphere is transparent in the center of the line H o at
a height of only 1,000 km, For that it is sufficient to use the following

formulas (the usual symbols are employed):
VY= KT S
‘S\ = me ax, fas Ohp = ).I/T and T=2J, S Nydl. -

We will assume that the temperature in the lower layers of the chromosphere is
equal approximately to 6,000° and that the number of atoms of hydrogen on the
second level can be computed from Boltsman's formula (optical thickness in L&
is quite large, hence such an assumption is quite acceptable), Then, Ny =3
107N, and S_ (H;)6,000° = 6 - 10~13, From the data on the density in the
chromo sphere ;iven in [25] it can be estimated that in a column with a cross
section of 1 cm2 at a level of 1,000 km there are less than 4 - 1020 atoms of
hydrogen in the chromosphere so that

-
T1000ms (He) = 3-1079.6.40713 S Ndl < 1,8-107%1.4.10% < 1,

1000%




from which it follows that above 1,000 km the chromosphere can be considered
transparent for a radiation in H*.

We have accepted the fact that a sufficiently good idea of the cooling of
the chromosphere layers is given by the radiation in the H,line, This is, of
course, the first approximation, but data obtained from observations enable us
to make some corrections where required**.

To construct a general picture of the chromosphere there is no need immedi-
ately to use precise values for the density at given heights, It is important
to have a proper curve of dependence of the degree of ionization, kinetic tempera-
ture, and the like to the density, and the approximate relationship of density
to height., The theory of the chromosphere should subsequently explain the value
of the density gradient and its change as a function of height and time. Hence,
in the following we shall make a study of the relationship of the different pro-
cesses to density and not to the height in the chromosphere.

By simple considerations it can be demonstrated that in order to compute
the ionization and population of the lower levels of hydrogen atoms we can use
the formula of Sakh and Boltsman, The fact is that according to practically all
models the temperature in the lower chromosphere is of the order of 6,000°, and
the boundary temperature of the sun is &4,500°, and since for the ionizing radi-
ation (contirmuum beyond the 1imit of the Lyman series) and for the first lines
of the Lyman series which produce an excitation of atoms, the chromosphere has
great optical thickness, the field of radiation is close to the value corres-
ponding to the intensity of radiation of a black body with a temperature of 5,000 -
6,000°. Under these conditions ionization by electronic collision plays an in-

significantly small role [19].

* It should be borne in mind that s cccling of the chromosphere is impeded only
by the natural absorption of H,,( quanta,

** Radiation of the chromosphere in the Ca II lines of the more powerful metallic
%ines iﬁ of the same order of msgnitude as radiation in H, (cf,, for example,
27, 33..



Subsequently, we shall need the value for the degree of ionization of hydro-

gen and its radiation in 3‘. According to Sakh's formulas we computed the values

. » a f
Y= and z-—=np+’_’"° | (1)

(np is the mumber of protons, and n, is the number of neutral atoms of hydrogen

8

in 1 cec) for various concentrations from S - 1013 to 5+ 10 atoms/cm3 and for

temperatures from 4,800 to 7,000°, It was accepted that at these altitudes

n_ = np. The resilts of the computations are shown in Fig, 1.
‘ 7000°

w?-.' "'

Uz 2 1 60 g

Fig, 1, Ionization of hydrogen at different temperatures and
concentrations according to Sakh's formula, The thick
line is the assumed curve of ionization in the chromo-
sphere,

From these data we computed the radiation in H, of 1 gram of hydrogen:

xnn’
" 1 o KT
E=A4,n the ’ (2)

which, for purposes of convenience was represented as
c
Ewm—mre ™ (3

It was assumed that the number ol atoms cn the 3rd level can be computed

from the Boltsman formula. The necessary constants were taken from [20], The



computatlions were made for the same values of density and temperature as above.
The results are shown in Table 1,

In order to compare which waves provide the greatest output of energy upon
dissipation in the chromosphere, the coefficients of dissipation for magneto-
hydrodynamic waves and weak shock waves were computed and compared with each
other; the coefficient of attenuation due to viscosity was computed also for
the compression waves, The energy flux in waves in [5] was taken as being equal

b erg/em? + sec, This value can be obtained if we use as our basis

to F =10
the corona heat radiation data [2] and the assumption that all this energy is
originally delivered by compression waves (acoustic noises), Taking into account,
however, the fact that the energy flux, as we will see subsequently, weakens
considerably in the chromosphere we accepted the value F = 5 - 10" erg/em? sec,
According to the independently made computations by Schatzman [3] and Unno and
Kawabata [5] it was accepted that the wave frequency &’ = 0.6 sec™r.

Piddington's formmla [10] was used to obtain the coefficient of attermation

of magnetohydrodynamic waves

m’ruz )
Kr = VeSUtah'
where S=1;0 =0,6 ces‘l;z_i=ﬂ' Vg = H . (4)
’ 3 1 e Vi=p cexm sec,
= = - — = . ~16 3 t -
a2 W 4 nov »9=2,3-107cu ’ h;ﬁrggaynmigne g
2=V3¢ c= M"L; (e 1s the velocity of sound; due to the prominent part
played by fluorescence sound is assumed to be isothermic), p= Ney;, while
I . The usual symbols are used, H is taken as being about equal to
+ X
20 gs. Finally, taking into account (1), we have
_ 4=z 1 D_.p_ 13407,
Ko = Ao oh phTh (5)
and the dissipation of energy per gram )
4— 1 DF . (6)

ur = (1+ z)‘/l ;‘I—o P'/xT‘/- M




Table 1

N
i S el
: 5.10 §-10n = 5-10% 5.10° 5-100
4800° ,23.108 2,22.108 2,21.108 2,15-108 2,00.108
5000 ,35-108 7,34.108 7,20-108 6,85.10% 5,84-108 ;
5200 ,00-10° 1,98.10? 1,92.10? 1,75-100 1,31-10° |
2,58

A0 1,20.100 4 47.1000  8,93.10° 3,96-10° !
<10©  3,06-1010 2 62-1010 1 63.101©  6,10-10°
-10®  6,56-1010  5,20.101 2 59.101  5,41.10°
,40.101 1,24-101 8, 54.10% 3 ,02.1010  4,57.10°
6400 2,710 2,30.108 1 36.101  3,57.1010 4 46-10°
6600 5,26.1011  3,97.10n  4,76.10  3,17.40*®  3,59.10°
6800 ° 8,98.101  §,06-10n  2,23.10m  3,03.1010 3 35.10
7000 1,53.101* - 8,02.10u1 . 2 30.401  2,86.100  2,82.10°

2,23
7,35
2,00
400 5,40.100 5,30-100 5,01-109 4,20.10° -10®
1,32
3,32
7,06
1

in which F is the energy flux in the waves, and )ois the density of the substance,

The attermuation of sound waves due to viscosity can be computed using the

coefficient K o,, [21]:

' 3
KW’“’::a b am = vyaz [viscosityl (7)
in which 7-is the dynamic coefficient of viscosity, Since g = ‘3“2":’”15: A,
in which >‘i is the mean length of the free path of the i-particle and equal for
16
collisions with neutral atoms to 10— (N is the total number of particles in

13
1 °m3) and for collision of ions X T- then

= _1_ (1 —z) 101 z.1018
1=z oo (CR ), (8)

The smallest possible value of'q—ﬁ—w“which corresponds to x = 1, i.e.,
complete ionization, In the lower chromosphere, where in (8) we can disregard

the second member of the equation, we have, in accordance with (7):

i—z 6 -~ _ 1017 (9)
Km=I—_+-—;'P—T,G—5|3>10x,

" 41—z GF o

Em T—zPsT (10)




The expression for the coefficient of attemuation for weak shock waves can
readily be obtained from the formula for the entropy jump on the front of a
weak shock wave [30]. The entropy Jjump on the passage of a shock wave front

in computing for one gram of substance, is equal to:

AS:‘;“;T( \ (I’l"‘l’z)a (11)

1
Along with Poisson's adiabatic coefficient pvx = constant, V = )'5, which gives

the heating up upon the passage of a weak shock wave associated with a front

. g1 vAp 1 (1+ 1)7pAV?
;z~TAs_,—§?7/Z/‘_T__ (12)

For 1 cm of path by the wave dW =ph, in which W is the total energy in the
shock wave, The coefficient of absorption is the value K from the relation-
ship
K-_._‘_’_"__P_h____d_F_ (13)

We assume that : .
Wo = putUt, = Fot,, (14
in which U is the front velocity, u is the velocity of the particle behind the
front, and to is the time interval characterizing the slope of the front (fig.
6).

It is assumed that t, characterizes the quasi-period of the wave: Uto =\,

c?
Taking into account that )% 5 in which ¢ is the velocity of sound, we have

I (15)
From the condition P(U -u) = F£,U we compute AV/V, and finally, substituting
(12) and (1%) in (13) we get K, __ITZ_‘c_"_ , vhich with t =10 and ¥ = 5/3 we
get the expression '

1 _Fn (16)

72 = wl [dissipation]

10
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Fig. 2, Comparison of coefficients of dissipation.
in which u is the velocity of movement of the substance in the wave N U = ¢,

A similar expression is used in [3] We can write

. 1 MF'h '

- ___MF® v,
K () phT RE-, (17)

whence A 4
Ep=_1 _ MF% : (18)

. _= (1 + X).I‘ P'/aT'/c ’
Energy flux changes with altitude as
F=(VF ) (19)

The values Emg' and E 4 can be presented in a convenient form for

Evyaz ’

computation as (F = 5 - 10% erg/cm? sec):
{_z28-10% [ 1 (20)
’Eur = :./‘ Tl/' Nl/. 1+': ’
1—2z 9.4-16”_ . (21)

Egag =13z TN

(22)

Fo. o 3510 T 4 ]'/.
= FNR [1+z

The values of E computed by these formulas for different densities and
temperatures are given in Table 2,

In order to compare the significance of the various mechanisms of dissipa-
tion of energy the coefficients ng, Kvyaz' and Kud were computed on the assump-
tion that F = 10“ erg/c:m2 sec (Fig. 2) for various values of N, a temperature
of T = 6,000°, and an ionization determined from Fig, 1. From Fig, 2 it is

apparent that the dissipation of magnetohydrodynamic waves could have played

11



an important part only at the very base of the chromosphere; however, due to
the great density there, the output of energy per gram and, therefore, the
amount of heating are very small. Let us assume that the hydrogen remains
almost entirely non-ionized up to a considerable height; there is no doubt
about that, In addition, we should bear in mind that the value of ng is quite
high according to Piddington's formula; V, Ye, Stepanov [22] pointed to this,
If, in addition to the values of K, the output of energy depends also on the
relationship of the velocities of the shock and magneto-hydrodynamic waves the
output of energy in the lower part of the chromosphere Emg is still less than

Eu g because VH /c is small,

Eug erefe © sec Table 2
N - N
r C ;
. 5-10% 5-10u 5.10w l 5.400 | 5-100 |
:'5000°  1,17-10°  3,66-10°  1,14.100"  3,40.403  9,31.108 f
.. 6000 8,97-107 2,61.10° 6,77.101 1,58.1012 4,09.1013 ;
. 7000 5,94-107 - 1,41-10’ 3,48-1010 1,03.4012 3,29.101 |
Emg erg/g * sec
N
T l | s
: 5.40% 5.10% 5-10w | 5-10° 5-10°

5000°  3,38.10°  4,46.10°  5,85.10°  7,40.101  8,35.101
6000 4,02.108  4,95-107  5,30-10°  4,02.10°  1,84-101

7000 6,50-10% 5,45-10¢ 2,84.10° 2,80-10¢ 2,18.408
Ev-yaz erg/g * sec
. l : -~
; -
5.10u 5-10n 5-10% 5-10° 5-108

5700° 7,50-10¢ 7,45-108 7,20.10  §,50.10'* 4 ,88-1013 ‘
6000 5,90-10¢8 5,10.108 3,47.1010 1,35.1012 2,38.1018
7000 3,38-10° 1,56.10° 3,30-10° 5,45-101© 2 g8.101
In the chromosphere K,y and Kvyaz are of the order of 1070 em™l; this means

that along the length of the chromosphere the energy flux changes only several

fold, i,e., that the formulas (6), (10), and (18) can be applied,

12



The balance of energy in the chromosphere should be ensured by the equality
of energy given off in the dissipation of the E waves, and the energy carried
off by radiation - §.

In Fig, 3 we have shown the relationship of the radiation in H to the
value N~ the concentration of atoms and ions of hydrogen in 1 cm3 for various
possible values of temperature, as well as the relationship to those same param-
eters for the quantity of energy given off in the dissipation of shock waves,
The curve E virtually does not change with temperature, but for each value N
it intersects with the curve for §, Which corresponds to a certain temperature.

From the graph of Fig, 3 we can determine at what temperature at a given
height (at a given density) we can have a balance of energy at the accepted
assumptions, It is apparent on this graph that, beginning at a certain height,
at no value of temperature is the radiation of hydrogen such as to ensure the
balance between the energy given off and carried away, According to [16] this
means that at a given energy flux the luminescence of hydrogen cannot ensure
the balance and that here there must be a temperature jump to such a value at
which there comes into being some other cooling mechanism, e,g., the luminescence
of ionized helium (temperature of the order of 12,000 - 19,000° K), At a prac-
tically unchanging energy flux, begimning at a certain height, the temperature
in the chromosphere should increase markedly, This may be expressed as follows
in another way: above a certain level in the chromosphere there should prevail
"hot regions", and below that -- cold regions,

It should be mentioned that even in the hot regions the optical thickness
in the lines of the Lyman series remains high to a certain altitude [23]. With
the aid of the graph in Fig, 3 we can describe for the lower part of the chromo-
sphere the relationship between the comcentratisn of atems of hydrogen and the

temperature., This relationship is shown in Fig, 4, The data from Fig, 4 can

13
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Fig. 3. Comparison of energy carried off by the radiation of
hydrogen in Hy(curves &) and the dissipation of energy
of shock waves (curve E),
be used so that with the aid of Fig, 1 we can find the relationship of the degree
of ionization of hydrogen x to the concentration, This relationship is shown
in Fig. 1 by a heavy line, It is apparent that the lonization-density curve is
quite sharp, The result obtained agrees well with the result obtained by Wooley
and Allen [24] who also got a steep ionization curve, the half lonization being
attained at the same value and temperature as was true in our case,
We might try to explain the existence of hot regions below the level where
this transition is tied in with the regular decrease in density with height,
The wave pileup and the fluctuation of energy flow may result in an increase in
the energy flux in certain regions, Assuming that at a given level the gas
pressure is a fixed quantity we should further assume that the value N will
become inversely proportionsl to T because p = (1 + x) NkT, From this, using
formula (22) we find that the liberation of energy will be proportional to T%‘_.
This means that if, at this density the temperature that is increased at random
reaches an indicated critical value, then the increase in temperature will con-
tinue until a new cooling mechanism is triggered into action which would insure

a sufficiently effective withdrawal of heat, In other words, as soon as such a

14



temperature value, at a given density, will be attained in which the radiation
will be a function of the temperature in an order less than 4, the temperature
jump should occur at a level lower than is required by the decrease in density
with the height for a uniform case, The random increase in energy flux in any
region may be very considerable. The decrease in flux will result in the forma-

tion of a céld region again, Of course, a change in the flux or the random
r . - . 3

5800
6600}
6400%
2001
- 6009 +
S800
5600+
S400+
S200%
s000}t . .
mﬂ i A 2 — lg N
”* 154 /4 ” 0

Fig, 4, Relationship of temperature to concentration of
hydrogen in the cold regions of the lower chromosphere,

change in temperature may result in the formation of a hot region only if these
changes are so marked that they cannot be compensated for by changes in radia-
tion of hydrogen, The hot regions, therefore, are dynamic formations whose
life peried is not very graat*.

We can also explain the lowering in the observed chromosphere above the
spots, as noted also by Mustel' [11] and Krat [31]. Actually, if in the region
of the magnetic field the total pressure, equal to the sum of the magnetic
H2/87T and gas (1 + x) NkT pressures, should be balanced by the gas pressure
from without and the temperature in the region of the magnetic field (e.g.,
above the spot) and within it are the same, balancing is possible only when
the density in the region with the magnetic field is less than in the neighbor-
ing regions. But a decrease in density, as was shown in the above, results in
an increase of energy yield and, consequenily, in ths formation of a hot region

* The formation of a hot or cold region may be tied in with the fluctuation
in the density at a given height,

15



at a comparatively low altitude, Later, we propose to compute the possible con-
trast between the hot and cold regions which should be observed in Hy and compare
it with the observed contrast between the dark and light components of the chromo-
spheric grid of the unperturbed region of the solar disc, The question of re-
flecting acoustic waves in the chromosphere was studied in [3], We can say that
acoustic waves are reflected only at the boundary of the temperature jump region,
In the case under consideration the flux changes only by a factor of tw without
changing the order of magnitude because, according to Shatsman, the energy flux
becomes inversely proportional to the square of the velocity of sound, i,e,, it
changes proportionately with the temperature. In the case of magnetohydrodynamic
waves the reflection in the chromosphere is not considerable [10].

In the very lowest portion of the chromosphere the temperature, apparently,
is under 5,000°. The energy radiated in these regions may be given off with the
dissipation of magnetohydrodynamic waves and is brought in because of thermal
conductivity, The steady radiation given off from these layers is a result mainly
of the formation of negative hydrogen ions, It should be borne in mind that lu-
minescence in the continuous spectrum can be explained in part by the simple
scattering of photospheric radiation, i.e., that not all of the radiation emerg-
ing from these layers results in cooling them, |

For the upper, hot, and completely ionized layers of the chromosphere, the
comparison of E , with computations for the luminescence of lonized helium made
in [16] shows that a considerable amount of energy is given off on account of
compression waves,

We can make a rough estimate as to height in sound waves that breaks occur
and at what height these breaks are so great that they cannot be deemed weak,

In the upper portion of Fig. 7 there is shown a profile of a sound wave,

The point B moves in a fixed system of coordinates with the speed of sound wave

c, and point A moves with the speed of u + ¢, The velocity of point A relative

16



to point B is equal to u, We can figure approximately that the break occurs when
there is brought about a situation of an image in the lower portion of the figure,
i.e., when the point A will move relative to the Point B a distance equal to A/h

During this time that is equal, say, to t, the wave will move a distance L. Thus,

=L oMy WnVE
Consequently, S -
Assuming that T =5+ 103 and F = 5 - 10%, we get L & 5N% Thus, in the very

lower portions of the chromosphere where N = 101“

& 5+ 107, i.e., over a
distance of only 500 km of travel, the sound wave changes over into a shock wave,

The formulas for a shock wave of weak intensity cannot be used if u > e.
If u/c is several times greater than unity the shock wave should be regarded as
being powerful; as we know, it attermates more strongly than a shock wave of low
intensity,

The value u = ¢ is attained with a density of f determined from the relation-

F
ship.—= TcT) =1, i,e., when
F 5.108m'
~— and N=—r=—"
4 KhTe
For the higher layers of the chromosphere T =~ 2 - 10“ so that the explosion is
greater at N 1010, i,e,, higher than the temperature jump.

Since at altitudes where N = 101°

the density in the chromosphere changes
very slowly with the altitude, then u should be several times greater than c at
a rather considerable altitude, Hence, the consideration held in this study may
be correct also for higher altitudes, It is possible that the magnetic field
also delays ths formation of powerful explosions.

Let us analyze the relationship of density to altitude. In the case of

layers with a fixed temperature the gradients of density should be for a case
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of T = 5,000° and a non-ionized medium (the lower chromosphere)
_¥ _ g "
Bo=gr = R"T(1 70 ~ 6:96-107, (23)
8 -1

and for a case where T = 19,000° and totsl ionization £, = 0,87 + 10  em™,

In connection with the fact that with increased altitude there is an in-
crease in the relative number of hot regions, there should be observed a smooth
transition of thels density gradient value from larger to smaller values, Shown
in Fig, 5 is the observed curve of density according to data provided by Van de

-8

Holst [25] and straight lines drawn with slopes of 6,56 + 100 and 0,57 * 1070,

For the cold regions of the chromosphere the relationship of density to alti-
tude (the broken line in Fig, 5) is drawn with the aid of Fig, 4 and the numeri-

cal integration of the equation for hydrostatic equilibrium:

Ny
by —hy = i:-’(i +2) ST—gv”—’dN.' (24)

- A
Taken as the initial point is the value N = 1013,b at an altitude of

h = 1,000 km [25], As one might expect, this relationship falls short of the

observed curve, a fact related, as previously indicated, to an increase in the

relative number of hot reglons with height,
g~

%

s

%

” o~
./” )
-
. . L BT
105 1 7 ¥ ramm

Fig. 5. Relationships of density to height in the chromosphere,

Solid line -- from data by Van de Holst [25]; broken

line -- according to computations made in the present
study for cold regions of the chromosphere, Stiraight
lines drawn with slope corresponding to P = 6,56 and

0.57. i
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It is necessary also to take into account the possible support of the
chromosphere due to sound waves,

The equation for hydrostatic equilibrium in this case is as follows:

| dp + d(u®) = pg dh, (25)

in which u= ({g)v’ is the velocity of matter in sound waves, Spectroscopically,
this value is manifested just like turbulent velocity: it extends the line,
The question of turbulence in the chromosphere was investigated by A. B,
Severnyy [28], and by Unno and Kawabata [ 5] with respect to sound waves, It
should be mentioned that the turbulent velocity that we observed is spectro-
scopically not equal to u (if u is the velocity of matter on the immediate wave

front) but that it is an median value averaged out for time and for directions,

i.e., it should be several times smaller than u [3] The value u increases
6

markedly with altitude due to the drop in the density fl and it reaches 10° cm/sec,
o .
A
/\a )
/4 \/
) |
. L 4/////”4}5 z
W |
Fig, 6. Shape of shock wave; Fig. 7. Conversion of sound wave to
to = time interval between passage shock wave,
of fronts,

The second member of the right-hand side of equation (25) can be represented

as
" /P\ cdF —Fdec ' (26)
:" d(‘;‘)= - c‘ Fd " *
Whance S :
dp idﬁ'___i_gi__
ateawm T FaE TP (27)
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Let us compare the individual members of the left portion of this equation:
CFde 5A0MM0 o 4, 1dF_K 10 joras,

T (O U Tdh T ¢ 108

e
1l.e., everywhere ir‘x- tlhe lower chromosphere dp/dh > 10'10. Consequently, attenua-
tion of sound waves in the lower chromosphere does not bring about any notice-
able changes in the density gradient, In the upper part of the chromosphere ‘
support by sound waves apparently becomes substantial, especially in the area

of temperature jump (member with %%).

The question of propagation of shock waves in the presence of a magnetic
field and their dissipation in a magnetic field should be considered separately.
The estimates made demonstrate, however, that the presence of a magnetic field
in a non-perturbed chromosphere will not essentially change the results obtained
in this study,

A certain confirmation of the assumptions made in this study can be obtained
if we compare the observed output of energy in Hd'\ [27,29] with what should be
observed according to our calculations, For example, we found that at an alti-
tude of 1,500 km the value T A~ 5,200° and the radiation in Hy per one gram of
matter is (Table 1):

6.=2~10’ erg/g - sec (28)
The absolute photometry of chromospheric lines made by Vyazanitsin [27,29] gives
us, for total radiation in H, at a height of h = 1,500 km, the value lg Em) =
= 15,5 and a gradient F 10-8.
Resolving Abel's equation [26] we will find that the radiation of 1 cm> at

a height of 1,500 km is:

. L (h)3™:
J{h) = -17-‘-,_———— _g_zS-iO" erg/ cmd sec
=R

which recalculated for 1 gram (concentration of atoms of hydrogen at this height
N = 12,0 is determined from Fig. 5) gives us:
Ez3'10°> ergflg * sec (29)
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The value (29) is found to be in fair agreement with the value found in (28),
Summarizing the foregoing and omitting details, we can draw up the follow-
ing idea concerning the structure of the chromosphere and the reasons for its
formation, Let us assume a sun having no convective zone, chromosphere, nor
corona. If convection has begun at a certain moment there should inevitably
come into being a chromosphere and a corona -- exactly as those actually ob-
served, As a matter of fact, in the upper part of the convective zone turbu-
lent movements will begin as a result of dispersion of convective muclei; these
movements in turn will cause the formation of condensations and rarefactions
with the resultant generation of sound waves, In the photospheric layers these
waves will not undergo dissipation, and will be propagated upward, Upon as-
cending the waves are very quickly converted into shock waves, Only in those
places where the density is low enough do the waves become dissipated, and the
snergy given off increases the temperature, which, in turn decreases the density
gradient, Warmup and decrease in the density gradient will occur until a tempera-
ture and density will be established such that a balance will take place between
the energy given off and the energy carried off by radiation. Such a balance
is insured at different altitudes by various mechanisms of de-excitation [vysvechi-
vaniye]. In the lower layers this is the fluorescence of hydrogen; higher up it
is that of ionized helium; and, finally, in the corona it is the fluorescence
of highly ionized atoms of different metals, the recombination fluorescence of
hydrogen and ionized helium and the "evaporation" of particles from the corona
[32]. The greatest liberation of energy occurs in the corona where, due to the
drop in density and increase in temperature, the length of free path of particles
becomes comparable to that of a sound wave (the distance between fronts for a
shock wave), At this height the compression waves Jissipats completely and, at

higher layers, the temperature of the corona is maintained only because of thermal



conductivity, Thus, the corona is not warmed by the chromosphere, as some authors
feel; rather, it is heated direct.ly*. Furthermore, a portion of the energy liber-
ated in the corona is transmitted into the upper chromosphere,

If the ideas set forth are correct, the entire structure of the chromosphere
and corona are determined, in the main, by the values of just one parameter, the
value of energy flux carried by the sound (shock) waves. The components of the
structure are a function, naturally, of the wave frequency, the magnitude of
field voltage, etc, The value of energy flux F used here and the values obtained
for the chromosphere, are, of course, merely approximations, The data available
on the mechanisms of chromospheric cooling, the coefficients of absorptions, the
energy flux, etec, can be used in drawing a general idea of the chromosphere, but
a model of the chromosphere can be constructed only on the basis of direct ob-
servations,

In conclusion, I wish to express my appreciation to Member Correspondent
of the Academy of Sciences of the USSR, A, B. Severnyy for his valuable advice

in drawing up this mamscript,

August 1958,
Bibliography
1. Biermamm, Zs, f, Ap., 25, 161, 1948,
2. M, Schwarzschild, Ap J., 107, 1, 1948,
3. E. Schatzman, Ann, d'Ap., 12, 203. 1949,
L, S, R, Brinkley and J. G. Kirkwood, Phys, Rev,, 71, 606, 1947,
5. W. Unno and K, Kawabata, Publ. Astr. Soc. of Japan, 7, 21, 1955,
6. J. Proudman, Proc, Roy. Soc., 4, 214, 119, 1952,
7. M. J. Lighthill, Proc. Roy. Soc., A, 211, 564, 1952,
8. E. Vitense, 2s, f, Ap., 32, 135, 1953,
9. M. J. Lighthill, Proc. Roy. Soc., A, 222, 1, 1954,
10, J. H, Piddington, M. N., 116, 341, 1956,
11, V., R, Mustel'. Izv. Krymskoy astrofiz, obs,, 13, 26, 1955,
12, E, A. Krat, Dokl. AN SSSR, 106, 619, 1956.
13, L. Woltjer, B, A. N., 12, No. 454, 165, 195k,
14, R, G, Giavanalld, M. N., 109, 298, 1949,
15. R. G. Athay and D, H, Menzel. Ap, J., 123, 285, 1575,

16, R, G, Athay and R, N, Thomas, 4p. J, 123, 299, 1956,

* See also article by Parker -- Parker, Ap. J., 128, 677, 1958,

22



17.
18,

19'
20,

22,

23,
2l

25,

26,

27,
28,

31,
32,
33.

Shklovskiy and E. B, Kononovich, Astr, zhurn, 35, 37, 1958,
Piddington, Ap. J., 119, 531, 1954,

. Kaplan and I, S, Gopasyuk, Tsirk, astr, obs, L'vovskogo un-ta, No,

5, 1953.

. Allen, Astrophysical Quantities, Athlone press, London, 1955,

Landau and E, M, Lifshits, Mekhanika sploshnykh sred, GTTI, 1953; #7.
. Stepanov, Izv, Krymskoy astrofiz, obs,, 21, 152, 1959.

Thomas, Ap. J., 108, 142, 1948; Ap. j., 109, 481, 1948,

d, R, Wooley and C, W, Allen, M, N,, 110, 358, 1950,

K. Van de Holst, Chromsofera i korona v kn, "Solntse" pod red, D,
Koyper, IL, 1957. ,

A, Ambartsumyan i dr. Teoreticheskaya astrofizika, GITI, 1952, str, 355.
P, Vyzannitsyn Izv, GAO, 18, No, 147, 19, 1951,

B. Severnyy. Kokl., AN SSSR, 58, 1647, 1947,

P, Vyazanitsyn, Izv, GAD, 19, No, 149, 40, 1952,

D, Landau and E, M, Lifshits, Mekhanika sploshnykh sred, GTTI, 1953, #83.
V.

B.

V.

LeH

<2.t"0
paElrmo

d 2
QQ‘D

g’m Cw

Krat., Izv. GAO, 152, 20, 1954,

Pikel'ner, Dokl, AN SSSR, 75, 255, 1950.

Steshenko, Sb, Polnyye solnechnyye zatmeniya 1952 and 1954, Izd-vo
AN SSSR, 1958, str. 29.

ZuHbi<p<<

23



